Abstract. Thorough examination of genetic heterogeneity of cell lines is uncommon. In order to address this issue, the present study analyzed the genetic heterogeneity of RPMI-8402, a T-acute lymphoblastic leukemia (T-ALL) cell line. For this purpose, traditional techniques such as fluorescence in situ hybridization and immunocytochemistry were used, in addition to more advanced techniques, including cell sorting, Sanger sequencing and massive parallel sequencing. The results indicated that the RPMI-8402 cell line consists of several genetically different cell subpopulations. Furthermore, massive parallel sequencing of RPMI-8402 provided insight into the evolution of T-ALL carcinogenesis, since this cell line exhibited the genetic heterogeneity typical of T-ALL. Therefore, the use of cell lines for drug testing in future studies may aid the progress of anticancer drug research.
Introduction
In general, cell lines are considered to be genetically and phenotypically homogenous populations of cells. When cell lines are cultured in vitro, the most adaptable clone is usually the one that expands most rapidly during the stabilization process, and the cells derived from this clone become the most abundant in the culture. Generally, ≤20-30 passages are required in order to purify the cells derived from this clone from other clones that may also be present in the culture. This potential genetic heterogeneity displayed by cell lines cultured in vitro has led to certain opposition to the use of cancer cell lines in modern drug testing (1, 2) . The number of cell lines described as consisting of several genetically different cell populations has increased in the recent years (3, 4) . However, the number of publications based on genetically heterogeneous cell lines is limited. The analysis of genetically heterogenous cell cultures is more complicated than that of genetically homogenous cell populations, due to the flexibility and differences in adaptation exhibited by the different populations present in the culture, and typically requires the combination of well-established methodologies, including immunocytochemistry (ICC) and cell sorting, with novel technologies such as massive parallel sequencing. These types of genetic analyses are of importance, particularly for cancer, since the mutational analysis of the cellular heterogeneity of an specimen offers an evolutionary perspective of the carcinogenic process. In the present study, the genetic heterogeneity of RPMI-8402, a T-acute lymphoblastic leukemia (T-ALL) cell line, is analyzed in depth, and the usefulness of cell lines in anticancer drug research is debated (5-7).
Materials and methods

RPMI-8402 cell culture.
The RPMI-8402 cell line (ACC 290 human, peripheral blood, leukaemia, acute lymphoblastic T cell) was purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (Brunswick, Germany). RPMI-8402 cells were cultured at low and high density in RPMI-1640 expansion medium supplemented with 10% FBS (both PAA, Linz, Austria) and penicillin/streptomycin/glutamin (Thermofisher Scientific, Inc., Waltham, MA< USA) in %% CO 2 for 24 h.
DNA and RNA extraction. DNA and RNA were isolated from RPMI-8402 cells at 48 and 72 h post-seeding, using AllPrep DNA/RNA Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. The concentration and purity of the nucleic acids were measured by NanoPhotometer ® (Implen GmbH, Munich, Germany). Table I . The cycling conditions were as follows: 30 sec at 98˚C (polymerase activation), followed by 35 cycles of 10 sec at 98˚C (denaturation), 20 sec at 63˚C (annealing), 20 sec at 72˚C (extension), and 2 min at 72˚C (final extension). Next, samples were purified with NucleoSpin Gel and PCR Clean-up (Macherey-Nagel GmbH, Düren, Germany). cDNA sequencing was performed using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Thermo Fisher Scientific, Inc., Waltham, MA, USA) following the manufacturer's protocol. Upon ethanol/EDTA precipitation, the sequences were analysed with ABI PRISM ® 310 Genetic Analyzer (Applied Biosystems, Thermo Fisher Scientific, Inc.), using the DNA sequencing analysis software provided with the instrument.
ICC. RPMI-8402 cells, obtained from expansion of the culture, were fixed for 15 min in phosphate-buffered saline (PBS) containing 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), and next permeabilised with 0.1% Triton™ X-100 (Sigma-Aldrich) for 10 min at room temperature (RT) while agitating. The fixed cells were subsequently blocked with 2% donkey serum (Sigma-Aldrich) dissolved in PBS for 1 h at RT while agitating, and then incubated with monoclonal rabbit antibody against human TP53 (dilution 1:200; cat no. sc-6243, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Next, the cells were incubated with anti-rabbit Alexa Fluor 488 secondary antibody (dilution 1:1,000; Invitrogen, Thermo Fisher Scientific, Inc.) for 1 h at RT in the dark, and the cell nuclei were counterstained with DAPI (Sigma-Aldrich). Slides were cover-slipped and examined under a fluorescence microscope (ECLIPSE Ci-S; Nikon, Corporation, Tokyo, Japan), using ACT-1 software (Nikon, Corporation).
Fluorescence in situ hybridization (FISH) analyses.
For the simultaneous detection of the number of copies of the TP53 gene and chromosome 17 centromere (CEP17) by FISH, TP53/CEP 17 FISH Probe Kit (Vysis, Abbott Molecular, Des Plaines, IL, USA) was used. The reaction was conducted according to the following protocol: Fixed samples were incubated in 2X standard saline citrate (SSC) buffer (Abbott Molecular) at 72˚C for 2 min, followed by 5-min incubation at 37˚C in a 0.5 mg/l protease solution (Abbott Molecular, Des Plaines, IL, USA), and then washed in PBS for 5 min at RT. Next, the specimens were fixed for 5 min at RT in 1% formaldehyde solution; washed in PBS for 5 min at RT; dehydrated in 70% ethanol for 1 min, followed by 1-min incubation in 85% ethanol, and 5-min incubation in 100% ethanol; and dried at RT, prior to be placed on a slide warmer at 50˚C for 2 min. The FISH probe mix was centrifuged and denatured at 73˚C for 5 min. Upon addition of the denaturated probe, the specimens were cover-slipped and incubated at 37˚C overnight in a humidified chamber, prior to be subjected to hybridization. Subsequently, the cell specimens were washed with 0.4X SSC buffer containing 0.3% Nonidet (N)P-40 (Abbott Molecular) at 73˚C for 2 min, followed by 1-min wash at RT with 2X SSC buffer containing 0.1% NP-40. Next, the specimens were dried in the dark at RT, stained with 10 µl 125 ng/ml DAPI solution (Abbott Molecular) and cover-slipped. The samples were analysed with ECLIPSE Ci-S fluorescence microscope, which was equipped with a specifically designed combination of filters for a range of green and orange light. The number of red signals, resulting from the binding of the TP53-specific probe, directly indicated the number of copies of TP53, while the number of green signals, caused by the binding of the CEP 17 probe, directly indicated the number of copies of the chromosome 17.
Fluorescence activated cell sorting (FACS). For FACS analysis, 5x10
6 cells were suspended in 0.5 ml 0.5% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS; fixed in PBS containing 4% paraformaldehyde for 10 min; permeabilised with 0.1% Triton™ X-100 for 10 min at RT; and washed three times with 0.5 ml 0.5% BSA dissolved in PBS. Nonspecific binding sites were blocked by incubation with 2% BSA dissolved in PBS for 15 min. Next, 25% cells were subjected to a preliminary analysis to evaluate their size and granularity, and 75% of them were then selected for immunolabeling with rabbit anti-TP53 antibody (diluted 1:200 in PBS; cat no. sc-6243; Santa Cruz Biotechnology, Inc.). For immunolabeling, the fixed cells were incubated with the aforementioned primary antibody for 15 min at RT, followed by 15-min incubation at RT with a goat anti-rabbit Alexa Fluor ® 488 fluorochrome-conjugated secondary antibody (dilution 1:1,000 in PBS; cat no. , Invitrogen, Thermo Fisher Scientific, Inc.) for visualization of the labeled proteins. Cell sorting was performed with Amnis ® Imaging Flow Cytometer (Amnis, EMD Millipore, Billerica, MA, USA). Side scatter and forward scatter gate parameters were selected to sort cells according to their cell size and granularity, which had been previously determined during the preliminary analysis. The selected population of cells was divided into two groups, TP53
+ and TP53 -, according to the intensity of the fluorescence signal arising from the secondary antibody. To ensure the precision of the selection process, the two cells detected following a TP53 + cell, were excluded. Cell debris was collected in a separate tube. Sorted cells (≤5x10 5 cells) were subjected to DNA/RNA isolation for further sequencing analysis.
Ion Torrent™ Personal Genome Machine (PGM) sequencing
and sequencing data analysis. Library preparation and sequencing were performed with Ion Torrent™ PGM (Thermo Fisher Scientific, Inc.), following the manufacturer's protocol, using whole genomic DNA isolated from RPMI-8402 cells.
The high-quality DNA required for sequencing was isolated from RPMI-8402 cells using AllPrep DNA/RNA Mini Kit, and purified with NucleoSpin Gel and PCR Clean-up. The concentration and purity of the extracted DNA were estimated by NanoPhotometer ® and Qubit 2.0 ® Fluorometer (Thermo Fisher Scientific, Inc).
Ion AmpliSeq™ Libraries were constructed using Ion AmpliSeq 2.0 Library Kit (Thermo Fisher Scientific, Inc.), and purified with Agencourt AMPure XP (Beckman Coulter, Inc., Brea, CA, USA). Target amplification was performed using four pools of 4,000 primers (Ion AmpliSeq™ Comprehensive Cancer Panel; Thermo Fisher Scientific, Inc.). The quantification of libraries was estimated with Qubit 2.0 Fluorometer, using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Inc.). The size of the DNA fragments in each pool and the concentration of the final libraries were evaluated by 2100 BioAnalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) with High Sensitivity DNA Analysis Kit (Agilent Technologies, Inc.).
Upon dilution, the libraries were mixed and used to prepare Ion Sphere™ particles (ISPs), using Ion OneTouch™ 2 System (Thermo Fisher Scientific, Inc.) and Ion PGM™ Template OT2 200 Kit (Thermo Fisher Scientific, Inc.). The quality of the unenriched, template-positive ISPs was assessed with Qubit 2.0 Fluorometer, using Alexa Fluor ® 488 and 647 fluorophores (Invitrogen, Thermo Fisher Scientific, Inc.). Following emulsion PCR and recovery, the template-positive ISPs were enriched with Ion OneTouch™ ES (Thermo Fisher Scientific, Inc.), using Dynabeads ® MyOne™ Streptavidin C1 (Thermo Fisher Scientific, Inc.), and subjected to sequencing.
The sequencing process, which included 500 flows and >5x10 6 total counts with 99.5% aligned bases, was performed on Ion 318™ Chip (Thermo Fisher Scientific, Inc.), using Ion PGM™ Sequencing 200 Kit v2 (Thermo Fisher Scientific, Inc.). Ion Torrent™PGM sequencing of RPMI-8402 cells was performed using Ion AmpliSeq TM Comprehensive Cancer Panel (Thermo Fisher Scientific, Inc.), which included 16,000 pairs of primers (4,000 in each pool) that enabled to cover exons in ~400 genes involved in tumorigenesis.
The data obtained from the Ion Torrent™ PGM sequencing reaction were directly processed to generate sequence reads, and loaded onto Ion Torrent Server™ (Thermo Fisher Scientific, Inc.). In order to ensure the specificity and sensitivity of the assay, the following restrictions were applied during the generation of the final results: i) The frequency of the candidate sites with potential mutations was analysed, and those mutations presenting a frequency in the range of 20-100 were used for further analysis; ii) for the filters, 'total coverage depth >100' and 'coverage ± >20' settings were used to eliminate potential false positives arising from low read depth; and iii) a subsequent filtering step was applied to eliminate those mutations that were detected in one strand, in order to reduce possible strand-specific errors. The data fulfilling all the aforementioned filtering criteria were used for further analysis, leading to the identification of single nucleotide polymorphisms (SNPs), insertions and deletions. The variant calls were visualised with Integrative Genomics Viewer software, version 8 (http://www. broadinstitute.org/software/igv), and the detected mutations were compared to mutations in RPMI-8402 cells that had been previously reported in the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) (http://www.broadinstitute.org/ccle) (8) .
Results
The ratio of mutated to wild-type (WT) TP53 DNA.
Sequencing analysis demonstrated the presence of the heterozygous mutation CGT-TGT (Arg-Cys) in codon 273 of the TP53 gene (Fig. 1A) . In cells cultured at low density, the ratio of mutated to WT TP53 detected by sequencing was 0.9, whereas in high density cultures this ratio reduced to 0.4.
Genetic heterogeneity visualized at the single cell level.
FISH analysis with CEP17 demonstrated an heterogeneous number of copies of the chromosome 17 (3-7 copies/cell, 4 copies/cell on average) (Fig. 1B) . In addition, ICC analysis identified two distinct populations of cells, one of them displaying 
, and the other one presenting low expression levels of TP53 (TP53 -) (Fig. 1C) .
Cell sorting. Two cell populations were sorted by FACS, based on their expression levels of TP53, and subsequently subjected to sequencing analysis. TP53 + cells exhibited a higher proportion of the mutated template, compared with the TP53 -population (Table II) . Further analyses revealed a heterozygous mutation in the phosphatase and tensin homolog (PTEN) gene in TP53 + cells, which was absent in the TP53 -population. By contrast, a homozygous mutation in the F-Box and WD repeat domain containing 7 (FBXW7) gene was observed in both cell populations.
Massive parallel sequencing and database analysis. The results of massive parallel sequencing were consistent with the data previously published in CCLE, confirming the reliability of the analyses performed on the present study. Furhermore, massive parallel sequencing demonstrated that the RPMI-8402 cell line consists of several genetically different cell populations. Consistently with the sorting analysis and Sanger's sequencing, massive parallel sequencing detected the aforementioned R159S mutation in the PTEN gene in 36% of the templates. In addition, mutations in Harvey rat sarcoma viral oncogene homolog (HRAS) (A134S), low-density lipoprotein receptor-related protein 1B (LPRB1) (R3239G) and tuberous sclerosis complex 2 (TSC2) (A614T) were detected in 30, 24 and 73% of the templates, respectively (Table III) . These mutations, as well as mutations in Wolf-Hirschhorn syndrome candidate 1 (WHSC1) and peroxisome proliferator-activated receptor γ (PPARγ) (Table III) , represent an additional indication of genetic heterogeneity in the RPMI-8402 cell line, which may be used to reconstruct the carcinogenic process leading to the development of T-ALL (Tables III and IV) .
Discussion
RPMI-8402 is a genetically heterogenous T-ALL cell line (9 (10) (11) (12) . However, strict parameters should be employed when using Ion Torrent™ sequencing, in order to ensure a correct analysis of the data. The results of the present study demonstrated that the RPMI-8402 cell line consists of several genetically different subpopulations. Furthermore, the proportion of cells with different mutations was observed to vary during cell culturing. Thus, in low density cultures, a significant proportion of the cells exhibited a mutated version of TP53, while at high density, cells carrying mainly the WT TP53 template constituted the majority of the culture. From the perspective of new drug development, the heterogeneity of RPMI-8402 cells may be regarded at the same time as a difficulty and an opportunity. Thus, the results of antineoplastic drug testing may be influenced by the culture confluence, since different cell subpopulations may display different drug resistance, which may complicate the interpretation of the data. However, the findings of the present study, which identified genetic heterogeneity in the cell line RPMI-8402, may support the use of cell lines in future anticancer drug studies, since the lack of genetic heterogeneity (contrarily to what is typically observed in neoplasms) was one of the arguments against the use of cell lines in drug research (13, 14) .
Additionally, the results of the analyses of the RPMI-8402 cell line conducted in the present study may be used to elucidate the evolution of mutational alterations that occur during carcinogenesis. The results of the present study suggest that mutations in genes such as FBXW7, neurogenic locus notch homolog 4, 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR; Table IV), nuclear mitotic apparatus protein 1, platelet-derived growth factor receptor α, synaptic nuclear envelope protein 1 and Werner syndrome occurred early in the process of carcinogenesis, since all the cells analysed contained the mutated templates. These alterations were possibly followed by mutations in TP53, Wilms tumor 1, PTEN, cyclin-dependent kinase 6, leukemia inhibitory factor receptor, mixed-lineage leukemia protein 3, A-kinase anchor protein 9, hepatic leukemia factor and AF4/FMR2 family, member 1; while the mutations detected in lactotransferrin, ROS1, transcription factor 7-like 1, heat shock protein 90 kDa α (cytosolic), class B member 1, fibronectin 1, splicing factor 3B subunit 1, cereblon and nuclear pore complex protein 98 possibly occurred at later stages of the carcinogenic process. In addition, mutations in genes such as low-density lipoprotein receptor-related protein 1B, phosphodiesterase 4D-interacting protein, lipoma-preferred partner, insulin-like growth factor 1 receptor and pleckstrin homology domain containing, family G member 5 and Bloom syndrome genes were observed in minor subpopulations of cells, where the mutated template constituted ~20%, suggesting their generation at the final stages of carcinogenesis (Table IV) . Previous studies have demonstrated that certain mutations, particularly of oncogenes, do not require an homo-/hemizygous status to efficiently promote neoplastic transformation (15) . In the case of RPMI-8402 cells, previous studies have demonstrated hypertetraploidy in this cell line, which further complicates the interpretation of data (16) . However, massive parallel sequencing seems to be a useful tool in the identification of driver genes in carcinogenesis (17, 18) . The observations of the present study are in agreement with previous analyses of clinical T-ALL samples, which revealed that individual patients with T-ALL contained various clones that shared a common genetic stem origin but responded differently to the therapy (5, 19) .
In conclusion, the present study has demonstrated that the RPMI-8402 cell line exhibits the genetic heterogeneity typical of T-ALL, and therefore, it may be useful in anticancer drug research.
